Sewage pollution remains the most significant source of human waterborne pathogens. This study describes the detection and characterization of human enteric viruses in community wastewaters using cell culture coupled with multiple target microarrays (with a total of 780 unique probes targeting 27 different groups of both DNA and RNA viruses) and polymerase chain reaction (PCR) assays. Over a 13-month sampling period, RNA viruses (astroviruses and enteroviruses) were more frequently detected compared to DNA viruses (adenoviruses, particularly type 41 and BK polyomavirus). Overall, many more viruses were shed during the winter months (DecemberFebruary) compared to the summer months. Exploration of the multiple types of enteric viruses particularly in winter months identified much more significant prevalence of key viral pathogens associated with sewage pollution of the water environment than previously realized and seasonal disinfection used in some parts of the world may lead to a seeding of ambient waters. Molecular characterization of pathogenic viruses in community wastewater will improve the understanding of the potential risk of waterborne disease transmission of viral pathogens.
INTRODUCTION
Enteric viruses are important biological hazards in wastewater and frequently impair water quality due to high level of excretion by host, stability in water environments and resistance to wastewater treatment (Fong & Lipp ) .
These human pathogens are a major concern for the water industry including drinking water, wastewater and Wong et al. a). However, these methods have yet to be applied to real-world water and wastewater samples for the detection of waterborne viral pathogens.
It has been suggested that rapid increases in population and the subsequent increase in sewage discharges contribute to surface water quality impairment worldwide (Rose & Molloy ) . However, the diversity of human viral populations in sewage is not well understood since current detection approaches have been focused on a few specific, well-known virus groups (mainly single-target approach) (Girones et al. ) . The aim of this study was to detect and characterize pathogenic viruses in municipal sewage using cell culture coupled with multi target microarrays.
Samples were also assayed by PCR to compare to the microarray results. The characterization of circulating viruses within a community was addressed broadly as an approach for biomonitoring and the screening of both community health and water pollution-associated disease potential.
METHODS
Wastewater sampling and virus cell culture (USEPA ). Viral infections were allowed to proceed until the onset of cytopathic effects (typically within 24 hr for poliovirus and two days for sewage samples). To recover the viruses, the cells were freeze-thawed three times to disrupt the cell integrity and release the viral particles into the supernatant, additional cell-attached viruses were lifted off the flask surface by mechanical scraping. Virus particles were recovered and concentrated from the media by centrifugation through an Amicon Ultra 100 K centrifugation column (Millipore, Billerica, MA). Virus nucleic acid was extracted using the QIAamp viral RNA mini kit (Qiagen Inc, Valencia, CA) for both DNA and RNA viruses following the manufacturer's instructions.
Probe design and construction
Viral sequence data were obtained from GenBank. Seventeen RNA virus groups and 10 DNA virus groups were identified as targets (Table 1) . Genome sequences were parsed through the probe design software Oligoarray 2.1 (Rouillard et al. ) . The software analyzes the complete virus genome and selects the optimal probes with the least amount of secondary structure and lowest likelihood to cross hybridize with other sequences provided. The probes were designed to conform to the following specifications: Labeled DNA and RNA were separately coupled with
Cyanine dye 3 and Cyanine dye 5, respectively. This reaction was carried out in the absence of light and using 1 M sodium bicarbonate (pH 9.5) as a coupling buffer with a 1 hr incubation. Following coupling, uncoupled dye was removed using the QIAgen PCR purification kit and the labeled viral DNA and RNA were dessicated in a DNA 120 SpeedVac (Thermo Fisher Scientific, MA, USA) for 1.5 hr. Labeled samples were kept dry at À20 W C until hybridization.
Microarray hybridization
Microarray hybridization was performed as described previously (Wick et al. ) . The microarrays were hybridized and washed in a M-2 microfluidic station (Invitrogen, Carlsbad, CA, formerly Xeotron Corporation, Houston, TX) using a flow rate of 400 μl/min. After hybridization, the arrays were washed with a series of buffers to remove unbound and non-specifically hybridized DNA. In addition, a series of washes and scans were performed at 1 W C incremental temperatures (25 to 35 W C; 1.4 min each; 500 μl/min flowrate; 10 mM Na 2 HPO 4 , 5 mM EDTA, wash buffer, pH 6.6) to generate a 'melting' profile allowing the identification of nonspecific hybridization through their atypical melting profile.
Scanning was done with a GenePix 4000B laser scanner (Axon Instruments, Union City, CA). All solutions were filtered through a 0.22 μm filter to prevent clogging of the microfluidic channels. The high stringency wash buffer was degassed under vacuum. Scanned images were analyzed using the GenePix Pro 5.0 software supplied with the scanner.
Data analysis using DetectiV
The DetectiV software package was used to visualize, normal- ensure a high degree of specificity in the hybridization, stringent hybridization and wash protocols for the microarray were employed as described.
Group-specific PCR detection of viral targets and sequencing confirmation of targets
Cell culture extracts were also evaluated with group-specific PCR for key viruses. PCR primers used are reported in Table 2 . PCR was performed using the QIAGEN OneStep 
RESULTS AND DISCUSSION

Performance of the multi target microarray with seeded viruses
The microarray was first examined in the laboratory using Characterization of the viral hazard in sewage using multi target microarrays and PCR
The viral hazards were assessed in sewage over a 13-month period. Both RNA and DNA viruses were examined with software package and utilizing a p value cut off of less than 0.02 and a log 2 mean intensity value of 0.6, are listed in Table 3 . All processed sewage sample hybridization signals were deposited at the GEO as accession #GSE11195.
Samples were also processed with 12 different PCR methods followed by sequencing. PCR detected viruses in 11 out of 13 months compared to 3 out of 13 months for the microarray. In total, PCR detected 31 virus positives versus 25 virus positives for microarray using DetectiV analysis (Table 3 ). The enhanced sensitivity when using PCR was evident in samples collected during the non-winter months (March to October) where PCR detected seven virus-positive samples versus none for the microarray and was able to identify viruses in the family Adenoviridae, Picornaviridae and Astroviridae throughout the year.
Detection using the microarray appeared to be more specific compared to PCR, particularly for enteroviruses and adenoviruses. In the samples collected, PCR was unable to detect any of the group B, C and D human adenoviruses (confirmed by sequencing) that were detected by the microarray and was more likely to pick up group F human adenoviruses (particularly human adenoviruses type 41).
PCR also failed to detect any of the group B, D and E human enteroviruses which were detected by the microarray in the samples from December to February. The ability of the microarray method to differentiate between viral species could be due to the use of multiple probes derived from the entire viral genome rather than a small segment of the genome as usually used in the PCR.
In this study, the most frequently detected viruses year round from sewage using cell culture coupled with microarrays and PCR were human enterovirus A and human astroviruses (seven out of 13 samples) ( Table 3) 
